Activation of the G protein-coupled receptor rhodopsin involves both the motion of transmembrane helix 6 (TM6) and proton exchange events. To study how these activation steps relate to each other, spin-labeled rhodopsin in solutions of dodecyl maltoside was used so that time-resolved TM6 motion and proton exchange could each be monitored as a function of pH and temperature after an activating light flash. The results reveal that the motion of TM6 is not synchronized with deprotonation of the Schiff base that binds the chromophore to the protein but is an order of magnitude slower at 30°C. However, TM6 motion and the uptake of a proton from solution in the neutral pH range follow the same time course. Importantly, the motion of TM6 is virtually independent of pH, as is Schiff base deprotonation under the conditions used, whereas proton uptake titrates with a pK of 6.5. This finding shows that proton uptake is a consequence rather than a cause of helix motion. Activated rhodopsin binds to and subsequently activates the cognate G protein, transducin. It has been shown that peptides derived from the C terminus of the transducin ␣-subunit mimic in part binding of the intact G protein. These peptides are found to bind to rhodopsin after TM6 movement, resulting in the release of protons. Collectively, the data suggest the following temporal sequence of events involved in activation: (i) internal Schiff base proton transfer; (ii) TM6 movement; and (iii) proton uptake from solution and binding of transducin.
G
protein-coupled receptors (GPCRs) are seven transmembrane helix (TM) proteins. After receiving a chemical or physical stimulus such as ligand binding or photon absorption, they are activated and catalyze nucleotide exchange in heterotrimeric G proteins (G␣␤␥) (1, 2) . Rhodopsin is the prototype and eponym of the largest class of GPCRs, the rhodopsin-like receptors (class A). Rhodopsin consists of the apoprotein opsin and the covalently bound chromophore 11-cis-retinal, which is connected to the protein through a protonated Schiff base to Lys-296 (SB; Fig. 1 Inset). Absorption of a photon by dark rhodopsin (ground state) leads to fast isomerization of the 11-cis-retinal to the all-trans configuration. After several shortlived photointermediates (photo-, batho-, lumirhodopsin), rhodopsin finally arrives at a pH-and temperature-dependent equilibrium between the two states metarhodopsin I (MI) and metarhodopsin II (MII) (3) . In the MI state, the retinal SB is still protonated. Deprotonation of the SB by internal proton transfer occurs during transition to MII and can be tracked by the blue shift of the UV/visible absorption maximum ( max,rhodopsin ϭ 500 nm to max,MII ϭ 380 nm). Importantly, MII formation is linked to the uptake of a proton from the aqueous phase (4) (5) (6) .
A paradigm of rhodopsin activation arose from photointermediate measurements. It was recognized that the interaction of rhodopsin with its G protein transducin (G t ␣␤␥) shifts the MI/MII equilibrium toward MII (7, 8) . The simplest explanation of the data was that the deprotonation of the SB is the event that switches the receptor into its active state and that the MII thus formed is identical with the G protein-binding state. However, later kinetic studies on solubilized rhodopsin revealed an additional isochromic intermediate in which the SB deprotonated, characteristic of MII formation, but proton uptake from solution had not yet occurred. This state was termed MII a to distinguish it from the fully active state MII b subsequently formed by proton uptake (9) . Thus, MII is composed of both states. MII in dodecyl maltoside (DM) detergent solution exists as a receptor monomer that activates G t very efficiently (10) . Proton uptake during formation of MII b involves the ERY region near the cytoplasmic surface of TM3, which is conserved in GPCRs [Glu-134/Arg-135/Tyr-136 in rhodopsin, Fig. 1 (11) ]. These findings suggested a two-step activation scheme, in which the loss of the proton from the retinal SB and the uptake of a proton to the ERY region marked two consecutive transitions (12) (13) (14) (15) . Early products with a deprotonated Schiff base (16) and MI-like products that interact with the G protein but do not release GDP from the G protein nucleotide-binding site (17) have been described. However, it is MII a and MII b that are central to the activation of the receptor as a catalyst of nucleotide exchange in the G protein. Current models of the catalytic process involve two steps of interaction between G protein and activated rhodopsin (18) (19) (20) . These steps may correspond to two or more isospectral forms of MII (21) .
A second paradigm of rhodopsin activation was derived from site-directed spin labeling (SDSL). In SDSL, a ''sensor'' nitroxide side chain, designated R1, is introduced into the protein at a site of interest. The EPR spectrum of the labeled protein reflects the motion of the nitroxide that is in turn determined by interactions of the nitroxide with the local environment. Thus, changes in protein conformation are detected as changes in the EPR spectrum (22) . Extensive SDSL studies of rhodopsin in both DM micelles and phospholipid bilayers revealed that the major light-induced conformational change is a ''rigid-body'' motion of TM6 outward and toward TM5 at the cytoplasmic surface of the protein (23) (24) (25) (26) . Such displacements of individual TM helices were not evident in recent crystallographic studies (27) , but the crystal lattice environment could well limit the degree of conformational change (28) , as is observed for other membrane proteins (29) . The SDSL work has specifically shown that, for example, R1 at position 227 (227R1, Fig. 1 ) is partially immobilized by the outward motion of TM6 that engages the nitroxide in new interactions (23) . Previous work has shown that conformational changes on the cytoplasmic surface of rhodopsin occurred with formation of MII, but the spin labels in TM3 and H8 locus of spin label attachment in TM3 of rhodopsin did not directly reflect the major TM6 motion addressed here (30) .
In the present work, time-resolved EPR spectroscopy employing rhodopsin 227R1 allows us to elucidate how TM6 motion is interlinked with the two steps in the activation process deduced from the proton transfer data. We find that TM6 motion does not coincide with SB deprotonation (formation of MII a ) but occurs in a separate delayed step with the kinetic properties of proton uptake (formation of MII b ). Although proton uptake kinetically coincides with TM6 motion, it is not the cause but rather a consequence of TM6 motion.
Results
Resolution of MII Formation and Proton Uptake. The identical UV/visible spectra of wild-type (WT) rhodopsin and sensor mutant 227R1 in both the dark and photoactivated states are shown in Fig. 2 A and B Insets; in solutions of DM, the photoactivated state is nearly all MII. The kinetics of MII formation after a light flash were monitored at 380 nm ( max of MII); proton uptake kinetics at pH 6 were observed as deprotonation of bromocresol purple (BCP) in aqueous solution at 595 nm (see Materials and Methods). Fig. 2A shows the simultaneous measurement of MII formation (blue trace) and proton uptake (red trace) on the same sample of WT rhodopsin in DM. The proton uptake signal is delayed with respect to MII formation, as reported earlier (9) . Control measurements in which proton jumps were generated by applying UV flashes to a ''caged'' proton compound (31) revealed that neither reaction time of the dye nor diffusion is rate-limiting (see also refs. 9 and 32). In rhodopsin 227R1, MII formation is somewhat accelerated compared with WT ( Fig. 2B ), but the delay between MII formation and the proton signal remains. Calibration of proton uptake signals as described in ref. 32 yields an uptake of one proton per activated rhodopsin molecule.
Kinetics of TM6 Motion. As mentioned above, 227R1 at the cytoplasmic end of TM5 is well suited to detect the rigid-body motion of TM6 as a partial immobilization of the nitroxide. The change in the EPR spectrum of rhodopsin 227R1 upon light activation along with the difference spectrum between the light-activated and the dark state is shown in Fig. 3A (black, dark state; gray, light-activated state; green, difference spectrum). The field positions where changes were largest were selected for kinetic measurements (center trough, arrow b; or the low-field peak, arrow a). A typical time course for the change in EPR signal recorded at position b after a single light flash at 20°C is shown in Fig. 3B along with the fit to a single exponential.
Temperature Dependence of SB Deprotonation, TM6 Movement, and Proton Uptake. Schiff base deprotonation, monitored by the formation of MII (i.e., the sum of MII subforms with absorption maxima at 380 nm), proton uptake, and changes in spin label mobility have been measured as described above at different temperatures but otherwise identical conditions and fitted with single exponential kinetics. The data for MII formation (blue dots) and proton uptake (red dots) of WT rhodopsin are summarized in the Arrhenius plot of Fig. 4A , which reproduces earlier findings (9) . The same measurements on rhodopsin 227R1 showed that the proton uptake kinetics are similar to those for WT rhodopsin with the same activation energy (Fig.  4B) . The kinetic data for the EPR change of 227R1 (Fig. 4B , green stars) show substantial scatter caused by the noise in the single-flash traces, but it is clear that the kinetics follow more closely those of proton uptake rather than SB deprotonation. Data for MII formation and the EPR change were also collected with buffer-free samples as used for monitoring proton uptake, with results similar to those shown in Fig. 4 (data not shown; see
Materials and Methods).
In both Arrhenius plots of Fig. 4 , MII formation shows the steepest slope, reflecting the largest activation energy. Proton uptake displays a shallower temperature profile and runs parallel with TM6 motion as measured by the EPR change. At low temperatures, the formation of MII becomes rate-limiting, and all three processes run parallel with the formation of MII.
pH Dependence of SB Deprotonation, TM6 Movement, and Proton Uptake. The extent of Schiff base deprotonation, monitored by MII formation, stays constant in the neutral range of pH for rhodopsin in solutions of DM (Fig. 5 , blue dots), as observed (9) . The slight decrease in the amount of MII at acidic pH is most likely caused by a MII product with a reprotonated SB (33) (34) (35) . The amplitude of the light-induced EPR transient from rhodopsin 227R1 (Fig. 5 , green stars) and EPR spectra (data not shown) also stay essentially constant within the accessible range of pH. However, the proton uptake signal titrates with a pK a of Ϸ6.5 (red dots). As will be discussed below, the data show that TM6 motion, reflected in the EPR signal arising from rhodopsin 227R1, precedes and is uncoupled from proton uptake.
Effect of Gt-Derived Peptides on External Proton Exchange and TM6
Movement. A peptide derived from the C terminus of G t ␣ [G t ␣(340-350)] is known to stabilize MII (18, 36) . This peptide is believed to mimic salient features of G protein binding but avoids the complex protonation changes observed with the intact G protein (37) , which would obscure protonation changes arising exclusively from conversions in the active receptor. The influence of this peptide as well as a high-affinity analog on proton uptake observed after an activating light flash is shown in Fig.  6A . Formation of MII was not influenced by the peptides (data not shown). Peptide G t ␣(340-350) (red traces) shows a pronounced reduction of proton uptake at 100 M peptide and induces a proton release of Ϸ0.5 protons per activated rhodopsin at a 1 mM concentration. The high-affinity analog peptide, G t ␣(340-350)K341L (19, 38) , shows a transient proton uptake at intermediate concentrations. This behavior is consistent with slower binding of the peptide that acts at lower concentration, allowing a proton to be taken up before significant binding of the peptide has occurred. Thus, TM6 movement (reflected by proton uptake) apparently precedes peptide binding. It should be noted that these proton transfer events measured with a soluble indicator dye cannot tell whether the released protons originate from sites at which they were previously taken up or whether new sites are involved. In addition, it remains open whether each individual rhodopsin molecule must go through the protonated state to bind the peptide. The proton release caused by peptide binding does not depend on specific protonatable groups in the peptide itself [supporting information (SI) Table 1 ], and it can be concluded that it is rhodopsin on which the changes of protonation occur.
Final levels of the proton exchange as a function of peptide concentration are plotted in Fig. 6B for the two peptides. Both 5 . pH dependence of MII formation, proton uptake, and TM6 motion. The percentages of maximum amplitude of the 380-nm absorbance change (MII formation, blue dots) and of the EPR transient (TM6 movement, green stars) are plotted vs. pH. For proton uptake (red dots), the ratio of protons to MII (right ordinate) determined from the 595-nm absorbance change is plotted; the solid curve is a fit to a single proton-binding site of pK a ϭ 6.6.
peptides cause net proton release at sufficiently high concentration; the higher affinity of G t ␣(340-350)K341L is reflected in the much lower peptide concentration needed to suppress proton uptake.
The effect of peptides on the proton exchange reactions in rhodopsin 227R1 (data not shown) is essentially identical to that illustrated in Fig. 6A for WT rhodopsin. However, the EPR spectra of 227R1 in both the dark-and light-activated states is unchanged by the presence of peptide (Fig. 6C) , suggesting that the peptide binds to a state of rhodopsin with TM6 tilted outward, the same conclusion as drawn above based on the kinetics and pH dependence of proton exchange. Janz and Farrens (39) have implicated residues 226, 229, and 230, located on the inner surface of TM5, in the binding of a peptide similar to G t ␣(340-350). The fact that the EPR spectrum of 227R1 on the outer surface of TM5 is not altered upon peptide binding indicates that there is little induced change in structure in this region caused by peptide binding.
Discussion
The present work was conducted to elucidate the relationship between the Schiff base deprotonation, TM6 motion and proton uptake steps involved in the activation of rhodopsin. The results obtained may generally reflect the behavior of all rhodopsin-like GPCRs. Indeed, TM6 motion appears to be a central event in all members of the family (40) , and evidence for an involvement of proton uptake in the activation process has been provided for the ␣ 1B -adrenergic receptor (41), the ␤ 2 -adrenergic receptor (42) and the thrombin receptor PAR1 (43) . In the following paragraphs, the major conclusions are summarized in relation to the activation mechanism of rhodopsin.
Helix Movement Is Not Linked to SB Deprotonation but Occurs in a
Separate Transformation. The Arrhenius representation of the kinetic data in Fig. 4 reveals that at sufficiently low temperature, TM6 motion (measured by EPR changes) and SB deprotonation (measured by the rise of 380-nm absorbance) have the same kinetics. However, at higher temperatures, TM6 motion is clearly slower than SB deprotonation and has lower activation energy. The overall picture is consistent with a reaction scheme in which SB deprotonation sets the stage for TM6 motion that follows at a significantly slower rate.
Proton Uptake Is a Consequence of TM6 Movement. In contrast to SB deprotonation, proton uptake from the aqueous phase coincides kinetically with TM6 motion at all temperatures. Viewed as separate steps, one of the reactions must therefore be ratelimiting, with the other occurring on a faster time scale. Thus, the kinetic data alone leave open whether TM6 motion is cause or consequence of proton uptake; proton uptake could either mark the neutralization (by protonation) of a cytoplasmic key residue, triggering movement of TM6, or TM6 motion could occur first, leading to the exposure of protonatable group(s) followed by fast proton uptake. The pH-dependent data allow us to resolve this issue. As Fig. 5 shows, TM6 motion occurs with its full-maximum amplitude at pH Ͼ 7, i.e., when proton uptake essentially does not occur, which proves that the proton uptake reaction is a consequence of TM6 motion rather than its necessary precursor.
This result, together with the similarity of the Arrhenius plots for proton uptake and TM6 motion (Fig. 4) , allows an extension of the interpretation of earlier work that postulated two forms of MII in a pH-dependent equilibrium [MII a (SB deprotonated) and MII b (SB protonated proton taken up from the aqueous phase)]. The original MI^MIIa^MIIb scheme (9) can now be modified to that shown in Scheme 1. It should be noted that in solutions of DM, the MIIa^MIIb equilibrium is shifted far to the right, as shown by the lack of pH dependence for the TM6 movement detected by 227R1.
The highly conserved ERY motif at the cytoplasmic end of TM3 includes Glu-134 (Fig. 1) . Proton uptake is likely to occur to this group and/or the cluster to which it belongs (11, 44) . The shift of the pK a relative to an isolated Glu residue may be the result of the influence of the local environment (''forced protonation'') (13, 45) .
Peptide Binding Occurs to the State of Rhodopsin with TM6 in the
Outward Tilted Position. C-terminal peptides derived from the G t ␣ subunit correspond to a key rhodopsin interaction site on G t (18, 19). The peptides cause a release of protons on the background of light-induced proton uptake (Fig. 6 and SI Table 1 ). This release is seen from the behavior of the G t ␣-derived high-affinity analog peptides, which bind slowly enough at low concentration to allow accumulation of MII b H ϩ so that a transient protonation is seen (Fig. 6A) . The rising phase occurs with a rate similar to TM6 motion (measured by the proton uptake in the absence of peptide), whereas the falling phase is faster the more peptide is present, in agreement with a bimolecular reaction between the active receptor and the peptide. At high concentrations of peptides, the peptide-induced proton release is so fast that net protonation equilibrates during the rise of the protonation signal so that a transient is no longer observed. These qualitative observations fit well with the conclusion that the outward position of TM6 is adopted before proton uptake has occurred and that peptide binding occurs only to the state of rhodopsin with TM6 in the tilted position. The net release of protons at saturating peptide concentrations indicates that additional groups on rhodopsin are deprotonated upon peptide binding. Further evidence that the C-terminal G t ␣-derived peptides bind to this ''open'' state of the receptor comes from the lack of an effect of peptide binding on the EPR spectrum of 227R1 in the light-activated state (Fig. 6C ) and the fact that rhodopsin mutants that block the motion of TM6 also block transducin activation (24, 46) .
The C terminus of G t ␣ (represented by the synthetic peptides) has been described to be the ''latch'' for the activation of the G protein (47) and to undergo a conformational change upon rhodopsin binding (48) (49) (50) . Its interaction with rhodopsin may be part of a sequential fit mechanism (19, 20) that also involves interactions with the C terminus of G t ␥. These interactions may involve different conformational states of MII (18, 21) .
Conclusions
In summary, there are two important conclusions from this work. The first is that TM6 motion is a thermally activated process after the Schiff base deprotonation, which is driven by chromophore isomerization, eliminating the possibility that the motion of TM6 is directly driven by the chromophore isomerization and that such motion forces a concerted deprotonation of the Schiff base. The second is that the proton uptake from solution, presumably to Glu-134 of the ERY motif of rhodopsin, follows movement of TM6 and is not the cause but a result of helix motion. The proton uptake is likely due to a change in the pK a of Glu-134 resulting from the conformational change involving motion of TM6. Consistently, TM6 motion is the rate-limiting step for proton uptake. As expected, binding of C-terminal peptides from the ␣-subunit of transducin occurs after TM6 movement, which opens a cavity in the rhodopsin molecule; the binding step involves the exchange of additional protons from the rhodopsin molecule.
Materials and Methods
Preparation and Spin Labeling of Recombinant Bovine Rhodopsin. Using standard cloning procedures, codon alterations corresponding to C140S/V227C/ C316S replacements were introduced into the synthetic opsin gene cloned into the mammalian expression vector pMT3 (51) . The mutant opsin was expressed in COS-1 cells, reconstituted with 11-cis-retinal and purified in DM solution by using an immunoaffinity procedure as described in ref. 52 . While bound to the immunoaffinity resin, the pigment was reacted with 1-oxyl-2,2,5,5-tetramethyl-3-pyrroline-3-methanethiosulfonate spin label (kindly provided by Kalman Hideg, University of Pé cs, Hungary) as described in ref. 53 . Rhodopsin was eluted in 20 mM 1,3-bis[tris(hydroxymethyl)methylamino]propane (BTP, pH 6), 0.03% (wt/vol) DM, and 100 M 1D4-peptide corresponding to C-terminal amino acids 330 -348 of rhodopsin. For EPR spectroscopy, spin-labeled rhodopsin 227R1 was concentrated to 10 -20 M (steady-state measurements) and up to 600 M (time-resolved measurements) by using Centricon concentrators (30-kDa exclusion limit; Millipore).
Preparation of Rhodopsin from Bovine Rod Cells. Rod outer segment membranes were prepared as described in ref. 54 . Rhodopsin was purified after solubilization with 1% (wt/vol) DM by using a ConA affinity batch procedure (ConA Sepharose 4B; GE Healthcare) and eluted in 20 mM BTP (pH 6.0), 0.03% DM, and 250 mM methyl-␣-D-mannopyranoside. Under these conditions, the MI/MII equilibrium is fully shifted to MII (data not shown and ref. 13 ).
UV/Visible Spectroscopy. Absorption spectra were taken at 20°C with a Varian Cary 50 Bio UV/visible spectrophotometer with a resolution of 1 or 2 nm. For each sample, absorption spectra between 250 and 650 nm were recorded in the dark and after illumination of the sample for 15 s with orange light using a 150-W fiberoptic light source equipped with a long pass (Schott GG 495) and a heat protection filter.
EPR Measurements. EPR measurements were taken on a Bruker E580 spectrometer with a rectangular loop gap resonator (55) or a high-sensitivity resonator manufactured by Bruker. Samples were contained in Suprasil flat cells. CW spectra were obtained with a 100-G scan width and a 4-G modulation at a 100-kHz modulation frequency. The samples were adjusted to the designated temperature with nitrogen blown through the insulated resonator, the temperature being measured inside the flat cell with a microprobe.
For time-resolved measurements, the field position was fixed at the center field line trough (indicated by arrow b in Fig. 3A ) or at the low field peak (indicated by arrow a in Fig. 3A) . The transient change of the EPR signal after photoexcitation was recorded in a digital oscilloscope (LeCroy Waverunner 2). Temperature was controlled by a nitrogen flow system manufactured by Bruker in the range between 0 and 30°C. The sample was illuminated by using a YAG laser (Opotek) with a 10-ns pulse at 500-nm wavelength and an energy of Ϸ5 mJ per flash.
Flash Photolysis Measurements.
For optical measurements, a two-wavelength flash photometer was used (37) , and absorption changes were recorded simultaneously in a digital oscilloscope (Nicolet Accura 100; LDS Test and Measurement GmbH). Absorption changes at 380 nm (MII formation) and 595 nm (pH changes) were recorded simultaneously. Samples contained 10 M rhodopsin, 50 M BCP, and 0.03% DM. Samples were unbuffered to enable pH measurements. The pH was set to the designated value by adding small amounts of diluted HCl and NaOH measuring with a pH microprobe (Schott Instruments). Measurements were taken in a quartz cuvette of 0.2-mm thickness (custom made by Hellma). The pH was determined by using the UV/visible absorbance peaks of BCP; the pH signal was calibrated by adding aliquots of 10 M HCl to the sample, as described in ref. 37 . The temperature was controlled with a combined water cooling and Peltier system and measured inside the cuvette with a microprobe. Dry air was blown along the cuvette at low temperatures to prevent condensation. The sample was illuminated with a flash by using a 490-to 540-nm broadband filter, bleaching 11% of the rhodopsin in the sample. Each measurement was taken on an unbuffered and a buffered aliquot, the buffered aliquot containing 100 mM BTP buffer at the designated pH. The two ⌬H ϩ signals were subtracted from each other to correct for the small absorption change caused by rhodopsin bleaching, which is visible at 595 nm (for a description of the process see ref. 32 ).
Data Analysis. The kinetic data were analyzed by simulation of the data with a single-exponential function, yielding the time constants of the process. This simulation assumes that the processes follow a first-order or pseudo firstorder reaction scheme, which is the case for MII a and MIIb in detergent (9) .
